Bone is one of the most common sites of cancer metastasis in humans and is a significant source of morbidity and mortality. Bone metastases are considered incurable and result in pain, pathologic fracture, and decreased quality of life. Animal models of skeletal metastases are essential to improve the understanding of the molecular pathways of cancer metastasis and growth in bone and to develop new therapies to inhibit and prevent bone metastases. The ideal animal model should be clinically relevant, reproducible, and representative of human disease. Currently, an ideal model does not exist; however, understanding the strengths and weaknesses of the available models will lead to proper study design and successful cancer research. This review provides an overview of the current in vivo animal models used in the study of skeletal metastases or local tumor invasion into bone and focuses on mammary and prostate cancer, lymphoma, multiple myeloma, head and neck squamous cell carcinoma, and miscellaneous tumors that metastasize to bone.
Cancer is the second leading cause of death in the United States, behind only heart disease. Death in patients with cancer is often due to metastasis, and one of the most common sites is bone. 109 Skeletal metastases are frequent in patients with breast, prostate, and lung cancer but also occur in other tumors such as myeloma, thyroid and renal cancer, lymphoma, Ewing sarcoma, and infrequently in other cancers. 110, 146 Bone metastases can result in osteolytic (bone-resorbing) or osteoblastic (bone-forming) metastases that can cause pain, pathologic fractures, and mortality. 108, 163 The general pathogenesis of bone metastasis involves proliferation of the primary neoplasm, local tissue invasion, intravasation into blood vessels, extravasation into the bone marrow, a variable time of tumor cell dormancy, proliferation in bone, and modification of the bone microenvironment. 30 The current hypothesis for preferential localization of cancer cells in bone is the ''seed and soil'' hypothesis of Paget, 95 which states that neoplastic cells (seeds) grow or proliferate only in a suitable soil, such as the bone marrow. This hypothesis has remained intact for over 100 years; however, now there is a deeper appreciation for the important role that the bone marrow microenvironment plays in metastasis. The metastatic tumor cells and the bone marrow microenvironment likely modify each other to create a milieu that is suitable for metastasis growth with the production and release of proliferation-and survivalpromoting cytokines. It is recognized that neoplastic cells that localize to the bone marrow may remain dormant for a variable period of time (months to years) or never cause an overt metastasis. 163 The activation of proliferation in dormant metastatic cells or micrometastases within the bone marrow is an important gap in the current understanding of pathogenesis of bone metastasis.
To prevent metastasis to bone or growth of bone metastases, the molecular pathways involved in cancer metastasis must be understood. 106, 115 Animal models of metastasis are necessary to characterize and investigate these pathways. The ideal animal model should be clinically relevant, recapitulate the human disease, and be reproducible. There are numerous approaches to developing animal models of metastasis, including clinical trials in companion animals with spontaneous cancers, chemically or genetically induced cancer models, and xenograft models of human and animal cancers. Each model has advantages and disadvantages, and no single ideal model yet exists. Scientists must select the most appropriate model available to address the specific question or hypothesis. Important considerations for this choice include the host species, source of neoplastic cells, metastatic pathway, and clinical applicability of the model. This review describes in vivo animal models available for bone metastasis research.
Animal Species Used for Bone Metastasis Research
Species that are commonly used in bone metastasis research include mice, rats, dogs, and, less commonly, cats. The selection of species is often dependent on the cancer type that is being investigated, animal availability, and desired end points. Rodents are commonly used for bone metastasis investigations, and mice are more widely used compared with rats. 124 Rodents are easy to handle, are relatively inexpensive, can be genetically manipulated, and have a relatively high degree of genetic and organ homology with humans. 20 Importantly, unlike dogs and cats, several genetically immunodeficient rodent strains are available for use in xenograft studies. A disadvantage to using immunodeficient animal models of cancer metastasis is that the role of the intact immune system cannot be investigated. 20 Large animal species that contribute to metastasis research include dogs and cats. Clinical trials and collection of tumor tissues for investigation (such as occurs in tissue banks) can be used to study metastasis in spontaneous cancers in dogs and cats without adversely affecting the clinical standard of veterinary therapy. 56, 96 Chemically immunosuppressed laboratory dogs have become established as orthotopic cancer models, particularly in prostate cancer research. 3, 55 While the availability and cost often preclude the use of chemically immunosuppressed dogs in cancer research, their use as orthotopic models of bone metastasis can be valuable compared with rodents, particularly for translational in vivo imaging and treatment studies. Cats have a unique form of spontaneous bone metastasis in which pulmonary adenocarcinomas may metastasize to the bones of the digits. 63 The use of dogs and cats as models of bone metastasis will be discussed further with regard to specific tumor types.
In Vivo Injection Techniques Used to Induce Bone Metastasis
Spontaneous bone metastases are uncommon in rodents, dogs, and cats for most tumor types, including mammary cancer. Bone metastases do occur in dogs with prostate cancer and sporadically with other cancers. 66, 109 Therefore, most rodent animal models of bone metastasis require in vivo injection of neoplastic cells. Common injection techniques to study bone metastasis are tail vein, intracardiac (left cardiac ventricle), intraosseous (tibia or femur), or orthotopic injections (such as the mammary or prostate glands) ( Fig. 1 ). 164 Each injection technique has advantages and disadvantages that must be considered depending on the particular study and hypothesis to be tested. 164 Orthotopic injection, such as mammary fat pad for breast cancer and prostate for prostate cancer, has the potential to offer a more comprehensive model of the metastatic process, from primary tumor growth through metastasis and proliferation at a distant site. 65 Depending on the tumor type, orthotopic injection can vary in its technical difficulty. Metastasis after orthotopic injection is cell line dependent, with metastasis to bone occurring much less frequently compared with soft tissue sites.
Left ventricular intracardiac injection is a common technique to investigate tumor cell circulation, vascular extravasation, and distant metastasis. This makes it a valuable technique for bone metastasis research; however, it can be a challenging technique to master. The percentage of mice that develop metastases, as well as the location and number of metastases, can be variable and depend on cell lines. Regardless, it is a standard and time-honored technique to investigate bone metastasis in vivo. Use of bioluminescent imaging immediately after intracardiac injection is helpful to confirm a successful injection, since cancer cells will circulate in all regions of the body (Figs. [2] [3] [4] [5] .
Direct injection into bone (such as the femur or tibia) is a reproducible and predictable method to investigate bone metastasis-namely, the interaction of cancer cells with bone and the bone microenvironment. 122, 135 It is a relatively simple technique and often causes limited morbidity to the animal. Also, neonatal mouse vertebrae (vossicles) or fragments of fetal human bone can be implanted subcutaneously in mice and used as a substrate for cancer cells. 69 An advantage to the use of vossicles is that bones from genetically modified mouse strains can be used and implanted into immunodeficient mice. An advantage to the use of fetal human bone in athymic or SCID mice is Figure 1 . Various injection models used to investigate cancer progression and metastasis. Orthotopic injections model invasion, extravasation, and distant metastasis. Intravascular injections (intracardiac, tail vein) model extravasation and metastasis. Tail vein injections tend to favor lung metastases, whereas intracardiac (left ventricular) injection permits neoplastic cells to localize to any tissue of the body depending on its inherent metastatic phenotype. Finally, intraosseous injections model the ability to grow in and modify the bone microenvironment. Reprinted from Werbeck et al. 164 that the interactions of human cancer cells with human bone can be investigated in vivo. The disadvantage of intraosseous injection of cancer cells or tissue is that it can only be used to study the final step of the metastatic cascade. While it is technically not a model of metastasis, it does allow for targeted investigation of the interactions between the tumor and bone.
Tail vein injections are relatively simple but infrequently result in metastases to bone. After tail vein injection, the first capillary bed the cancer cells contact is the pulmonary vasculature. Tail vein injections are better suited to study pulmonary metastasis and are not often useful in skeletal metastasis research compared with other methods. 28 
Imaging Modalities for Bone Metastases
Perhaps as important as the animal models themselves are the imaging modalities used to monitor the location and number of metastases and their growth in vivo. Several imaging options are available. The most commonly used are bioluminescent and fluorescent imaging, high-resolution radiography, and microcomputed tomography, but positron emission tomography and single-photon emission tomography can also be used. Micro-MRI (magnetic resonance imaging) is less frequently used. The usefulness of each modality is defined by its resolution, speed of imaging or throughput, capability for in vivo or ex vivo imaging, and cost.
Bioluminescent Imaging
Bioluminescence has been used in cancer research for over 20 years and has greatly facilitated in vivo bone metastasis research since it can rapidly identify sites of metastasis in the live animal (Figs. 2-5). 75, 86, 120, 122, 164 Cell lines are typically transfected or transduced with an expression vector that contains luciferase or other light-producing enzymes. Lentivirus vectors are commonly used to transduce cancer cells. Bioluminescent imaging (BLI) requires cellular adenosine triphosphate (ATP) to produce light and only detects viable tumor cells, making it useful to monitor longitudinal growth of neoplastic cells. Tumors are imaged in vivo after injection of luciferin (substrate for luciferase) using a cryogenically cooled, intensified charge-coupled device (CCD camera). 53 Spatial resolution is poor, but sensitivity and signal-to-noise ratio are excellent. The sensitivity depends on the cellular expression of luciferase, and microtumors (less than a few hundred cells) can be imaged with highly expressing cells. Image processing and throughput are rapid, and instruments can image up to 5 mice at a time. Imaging time is usually a few to 60 seconds, so large numbers of animals can be rapidly processed, especially if gas anesthesia is used. BLI is relatively inexpensive, but it does require live animals and viable cells. BLI can also be performed on ex vivo tissues if conducted shortly after euthanasia.
Fluorescent Imaging
Fluorescent imaging serves a similar purpose as BLI; however, it has better spatial resolution but a lower signal-to-noise ratio due to background fluorescence. Background fluorescence can occur from many tissues, including bone, feed material on the skin or gastrointestinal tract, bedding on the skin, and urine/ feces on the hair or skin. Near-infrared dyes are best because red light penetrates tissues and bone more readily than green and yellow light and has less background fluorescence. Fluorescence also requires a light source and filter sets to separate the excitation and emission wavelengths of light, which are not needed for BLI.
High-Resolution Radiography
High-resolution radiography is useful for skeletal imaging of osteolytic metastases in small animals (eg, Faxitron Optics, Tucson, AZ). It is relatively inexpensive, is rapid, and can be done in vivo or ex vivo. The resolution is up to 80 line pairs (1p)/mm (Figs. 6, 7). Radiography is insensitive for identification of small bone metastases and metastases that do not induce significant bone lysis; therefore, enumerating bone metastases is best accomplished with BLI. It can be difficult to evaluate intramedullary bone formation, but periosteal bone proliferation can be more easily visualized with radiography.
Micro-Computed Tomography
Micro-computed tomography (mCT) is an imaging modality that allows for the acquisition and analysis of the 3-dimensional structure of bone both in vivo or ex vivo at micrometer resolution. 85 Its ability to provide high spatial resolution of bone metastases makes it an excellent tool for investigations, particularly in rodents (Figs. 8, 9) . Resolution in living animals ranges from 50 to 100 microns, but resolutions of 20 microns can be achieved ex vivo. 59 mCT can provide both qualitative as well as quantitative data and can analyze bone mineral density, trabecular number and thickness, and bone surface area. By means of finite element analysis, mCT data can be used to assess the biomechanical properties of bone, including the influence of bone metastases. A downside is that the cost of mCT is high for the equipment, usage fees, software, and technician time. Training is required to use the acquisition and analysis software, and sample throughput is slow compared with BLI.
Micro-Positron Emission Tomography and Micro-Single-Photon Emission Tomography
Both micro-positron emission tomography (mPET) and microsingle-photon emission tomography (mSPECT) are nuclear imaging techniques that provide a 3-dimensional image of the distribution of a radiopharmaceutical. 51 These modalities have a resolution range between radiography and BLI and allow for molecular imaging in vivo by radiolabeling of molecular markers. The most common marker used in PET is 18 F-fluorodeoxyglucose (FDG) to detect metabolically active tumors. 59 Recently, novel radiopharmaceuticals, such as very late antigen-4-and ab3 integrin-targeted radiotracers, have been developed to image intramedullary or osteoclastic bone metastases more selectively and sensitively. 128, 181 SPECT is more widely available and less expensive than PET, and the radiotracers tend to have a longer half-life (up to 6 hours) than PET tracers (approximately 75 seconds), making the use of PET sometimes limited. 59 
Animal Models

Mammary Cancer
Bone is one of the most common sites of breast cancer metastasis in women. The metastases are typically osteolytic and cause significant morbidity and mortality. Approximately 80% of patients with breast cancer who die have bone metastases, emphasizing their importance in the progression of the disease. 163 The bone microenvironment provides a variety of growth factors for cancer cells, which are either secreted by the microenvironment cells or released from bone as a consequence of osteoclastic bone resorption. 176 In addition, cell-tocell interactions likely contribute to dynamic and structural changes leading to bone loss and formation at the metastatic site. The average survival of patients with breast cancer following diagnosis of bone metastases is 24 to 36 months. 94 The use of animal models has advanced the treatment options available for breast cancer bone metastasis. 163 Spontaneous disease. Rats, mice, dogs, and cats frequently develop benign and malignant mammary neoplasms with the incidence dependent on the strain or breed. Unfortunately, spontaneous mammary cancer in these species is not typically suitable for investigations on bone metastasis. Most spontaneous mammary carcinomas in mice and rats do not metastasize and have only mild local tissue invasion. 119 In addition, most mammary adenocarcinomas in rodents quickly lose their estrogen responsiveness and, therefore, are not appropriate models of estrogen-responsive breast cancer in women. Spontaneous mammary tumors in mice, depending on the strain, are typically due to the mouse mammary tumor retrovirus (MMTV), but the role of retroviruses in human mammary carcinoma is uncertain. Similarly, dogs and cats have uncommon bone metastases associated with mammary cancer. 145 Chemically induced mammary neoplasia. Mammary tumors can be induced in rats by administering dimethylbenzanthracene, N-methyl-N-nitrosourea (MNU), or N-ethyl-N-nitrosourea (ENU). 50 Mammary adenocarcinomas induced by ENU in Sprague-Dawley rats can develop pulmonary metastases and hypercalcemia, but bone metastasis does not occur in this model without passaging the tumors in rats (described below). 129, 130 Transgenic mouse models of mammary cancer. Transgenic models of cancer have many advantages, including their predictability and autochthonous development in an immunocompetent host. Many transgenic mouse models of mammary cancer are considered to have phenotypic and morphologic similarities to human breast cancer. 13 Oncogene expression can be targeted to the mammary gland using tissue-selective promoters, such as the whey acidic protein, C3(1), and MMTV promoters. Although some transgenic models of mammary cancer will spontaneously metastasize to the lungs (such as the PyMT model), a disadvantage of transgenic models of mammary cancer is the very low incidence of bone metastases often due to rapid progression of the primary tumors.
Human-derived breast cancer cell lines
MDA-MD-231. The MDA-MD-231 cells are a time-honored cell line used for bone metastasis research. The cell line and its bone-metastasizing subclones are used in studies with intracardiac, orthotopic, intraosseous and tail vein injections. Metastases are almost exclusively to bone, and they induce osteolytic lesions 3 to 4 weeks after injection. 165, 176 Bisphosphonates have been shown to suppress the development of new bone metastases and progression of established bone metastases. 94, 165, 176 MDA-MB-435. The MDA-MB-435 cell line has been injected orthotopically and into the left ventricle of the heart, which resulted in osteolytic bone metastases 3 to 5 weeks after implantation of the neoplastic cells. 21, 47 However, the origin of the cells is uncertain, and it has been suggested that they were derived from a melanoma rather than breast cancer. 62 MCF-7. The human MCF-7 cells are estrogen receptor-positive cells that will form mixed osteolytic/osteoblastic bone metastases after intraosseous injection. Metastases tend to form slowly (up to 6 months) after intracardiac injection. 93 MCF-7/Neu. The MCF-7/Neu human cell line is unique because it develops osteosclerotic bone metastases 10 to 12 weeks after intracardiac injection into nude mice. 174 While osteosclerotic (osteoblastic) metastases in mammary cancer are less common than osteolytic metastases, the MCR-7/Neu cells are a useful xenograft model for this less common form of the disease.
Zr-75-1. Aside from MCF-7/Neu cells, the ZR-75-1 cell line has also been used to model osteoblastic breast cancer bone metastasis after intracardiac injection in nude mice. This cell line has been used to demonstrate the important role of endothelin-1 in the pathogenesis of osteoblastic metastases. 175 
Murine mammary cancer cell lines
Met-I. The Met-1 cell line was originally isolated from a primary mammary tumor in MMTV-PyMT/FVB/N mice. When Met-1 cells were injected into the left ventricle of the heart in FVB/NCr mice, approximately 25% of the mice developed bone metastases in addition to metastases to the adrenal glands and ovaries. The Met-1 cells formed osteolytic bone lesions when injected directly into the tibias (Figs. 10-12). 164 4T1. The 4T1 cell line was derived from a spontaneous mammary gland carcinoma from a Balb/cfC3H mouse. 176 The 4T1 cells form tumors 7 to 10 days after orthotopic inoculation into the mammary fat pad of female Balb/c mice and subsequently develop bone and visceral organ metastases 3 to 4 weeks after inoculation. The tumor cells grow rapidly, and the visceral metastases may cause severe morbidity before the bone metastases are prominent. The advantages of orthotopic injection of the 4T1 cells are that bone metastases occur in up to 100% of the mice, whereas the intracardiac injection model is less reliable. The 4T1.2 subclone of the 4T1 cell line has an increased incidence of metastasis to bone after orthotopic or intracardiac injection. 65 Rat mammary cancer models ENU1564. ENU-induced mammary tumors do not typically form bone metastases in rats. An exception to this is the ENU1564 tumor line. When injected into the left ventricle of the heart of Berlin-Druckrey IV rats, osteolytic metastases developed in the femur, spine, and skull. 39 Mammary rat metastasis tumor-1 (MRMT-1). The MRMT-1 cell line was derived from a rat mammary carcinoma. When injected intraosseously into Sprague-Dawley rats, osteolytic or mixed osteolytic/osteoblastic metastases developed. 25, 79 Prostate Cancer It is estimated that prostate cancer resulted in 10% of all cancer deaths in American men in 2013. 121 Approximately 70% to 100% of patients who die due to prostate cancer have bone metastases. 17, 80 Men with prostate cancer bone metastases have a 25% five-year survival rate and median survival of 40 months. 132 The most common sites of bone metastases in prostate cancer are the pelvic and long bones, vertebral column, and ribs. 44, 163 Bone metastases in prostate cancer are unique because they are primarily osteoblastic or bone-forming lesions. Several models of prostate cancer bone metastasis available use mice, rats, and dogs. Dogs in particular have proven to be valuable for both cell line development as well as allograft research. The dog is the only species other than man to spontaneously develop benign prostatic hyperplasia, prostate cancer, and subsequent osteoblastic bone metastases at a significant incidence, making it particularly valuable as a research model. 66 Most dogs with prostate cancer have androgen-independent disease, so they are a model for late-stage prostate cancer in men. Animal models of prostate cancer have recently been extensively reviewed, and prostate cancer bone metastasis research will be highlighted in this review. 123 Canine cell lines. Four canine prostate cancer cell lines have been used to investigate bone metastasis: DPC-1, Ace-1, Leo, and Probasco cells.
DCP-1. The DPC-1 cells originated from an 11-year-old Doberman Pinscher. 4 They have been used for subcutaneous xenografts in mice and an orthotopic allograft model in immunosuppressed dogs. The subcutaneous xenografts did not develop metastases; however, the canine orthotopic model did result in mixed osteoblastic/osteolytic metastases in the pelvic bones in 2 of 12 dogs. 3 Ace-1. The Ace-1 cell line was derived from an 8-year-old male castrated Labrador Retriever. The cells form mixed osteoblastic/osteolytic metastases after intratibial, intracardiac, and intravossicle injection in nude mice or rats. 40, 41, [67] [68] [69] 167 The Ace-1 cells have been particularly useful for bone metastasis research because bone metastases predominate after intracardiac injection. 40, 41, 141, 142 The Wnt pathway was shown to be important for bone formation in Ace-1 bone metastases since DKK1 (a Wnt inhibitor) completely inhibited the boneforming phenotype of the Ace-1 cells. 141 The Ace-1 cells have been used to develop an orthotopic model of prostate cancer in dogs with mild immunosuppression with cyclosporine A (Fig. 13 ). 55 The dogs develop prostate tumors that can be used for molecular imaging and focal therapy research. 116 Metastases have also occurred in lymph nodes and the lungs. Leo. The Leo cell line originated from a 5-year-old mixedbreed dog and forms osteolytic bone tumors following intratibial injections into nude mice. 143 Interestingly, the most common sites of metastasis for this cell line after intracardiac injection are the brain and spinal cord, which make the Leo cells a unique model for brain metastasis research.
Probasco. The most recently characterized canine prostate cancer cell line is Probasco. The Probasco cells originated from a 10.5-year-old mixed-breed dog and form dramatic osteoblastic bone metastases after intracardiac and intratibial injection in nude mice, making it a valuable model for studying the molecular pathways vital in bone-forming lesions (Figs. 6-9 ). 122 Human cell lines PC3. One of the most commonly used human prostate cancer cell lines is PC3, which was derived from a bone metastasis. 64 This cell line is androgen insensitive and has been used in orthotopic, intratibial, and intracardiac injections as well as tail vein injections to demonstrate the homing ability to subcutaneously implanted human fetal and adult bone. 170 The PC3 and PC3 M cells produce osteolytic tumors and metastasize to the mandible, rib, pelvis, femur, and tibia after orthotopic or intracardiac injection. 91, 177 Osteoblastic human cell lines. Few human prostate cancer lines develop osteoblastic skeletal metastases, but the human LAPC-9, MDA PCa 2b, and LuCaP 23.1 produce the most boneforming tumors after intraosseous injection. 19, 64, 169 LuCaP 23.1 is a tumor line, in contrast to the LAPC-9 and MDA PCa 2b cell lines, which is a disadvantage since the cells do not grow in vitro.
Transgenic mouse models. Most mouse models of prostate cancer do not develop metastases or progress past the invasive stage of carcinoma. 54 Only the TRAMP X FBV mice are reported to uncommonly develop bone metastases with a minimal osteolytic/osteoblastic response to the neoplastic cells. 35, 37, 45, 112 Mouse prostate reconstitution model. The basis of this model is to combine prostate cells (neoplastic or nonneoplastic) with urogenital sinus mesenchyme (either rat or mouse origin) and implant the cell mixture beneath the renal capsule of an immunodeficient mouse. 150 The combination of mouse prostate tissue overexpressing both ras and myc coimplanted with mouse urogenital sinus lacking p53 was reported to develop frequent micrometastases to bone. 140 While this model system provides a fascinating approach to explore the genetic pathogenesis of prostate cancer, the technical complexity often limits its utilization in prostate cancer research.
Rat prostate cancer models. Bone metastasis in rat models of prostate cancer is rare, and most prostate cancer bone metastasis research performed in rats is limited to the MATLyLu subline and the PA-III cell line. The MATLyLu subline was developed from a 22-month-old inbred Copenhagen rat and can produce osteolytic or osteoblastic (variant R3327) bone metastases after tail vein, intracardiac, or intraosseous injection. 10, 34, 42, 70, 139 The PA-III cell line was derived from a Lobund-Wistar rat and has been used to produce mixed osteolytic/osteoblastic lesions when implanted over the calvaria or scapula after disrupting the periosteum. 11, 60 Lung Cancer Lung cancer is currently divided into the histologic classifications of either small cell lung cancer (SCLC) or non-small cell lung cancer (NSCLC), which differ in their biological behavior, clinical course, and response to therapy. Bone metastasis occurs in 30% to 40% of patients with lung cancer. 18 Lung cancer metastases to bone produce predominantly osteolytic (SCLC) or mixed osteolytic/osteoblastic (NSCLC) lesions. 29, 84 Mouse models of bone metastasis or the local response of bone following intraosseous injection have been studied using several lung cancer cell lines, including, but not limited to, the SBC-5, SBC-3, SPC-A-1, A549, H460, H727, NCI-H292, PC-9, PC-14, ACC-LC319, LLC, H2030, and HARA cell lines. 135 While tail vein, intracardiac, intraosseous, and orthotopic routes of administration have been investigated, orthotopic implantation better recapitulates the metastatic behavior of lung cancers compared with other injection routes. Intraosseous injections have included both intratibial and intraspinal locations. 137 Spinal metastases of lung cancer were formed by implanting small pieces of PC-14 tumors directly into the vertebral bodies of mice. 137 The tumor xenografts produced osteolysis and spinal compression consistent with spinal metastasis in human patients.
Several cell lines have undergone in vivo selection to create sublines that are more likely to metastasize to bone or metastasize exclusively to bone. Mice injected with the parent PC14 cell line developed few metastases. However, after multiple in vivo selections, the highly metastatic PC14HM subline was created, which forms bone metastases in 100% of injected mice. 89 Eight cycles of in vivo selection were also performed for the SPC-A-1 cell line following intracardiac injection to create the SPC-A-1BM cell line, which has a 100% rate of metastasis to the skeleton following intracardiac injection. 171 In vivo selection of subpopulations with a high efficiency of metastasis to bone was also performed with the H460 cell line to create the H460SM subline that spontaneously metastasizes to bone, kidney, brain, soft tissue, and contralateral lung following orthotopic injection. 38, 71 The SCLC cell line, SBC-5, consistently formed skeletal metastases. 84 Intravenous administration of the SBC-5 cell line in natural killer (NK) cell-depleted SCID mice resulted in a 100% incidence of bone metastasis. 83 Osteolytic bone metastases were present within the appendicular and axial skeleton and pelvis, and metastases to other organs included the lung, liver, and kidney, which resembled the human condition.
In a model investigating the role of inflammation in cancer metastasis, it was found that targeting circulating monocytes, tissue macrophages, and osteoclasts in bone through the administration of clodronate liposomes reduced both bone and muscle metastasis of HARA-B cells following intracardiac administration. 46 Interestingly, treatment with reveromycin A, an antibiotic that specifically targets osteoclasts, resulted in a reduction of bone but not soft tissue metastasis. 46 Overexpression of the bone morphogenetic protein-2 inhibitor, noggin, and administration of the osteoclast inhibitor, RANK-Fc, inhibited both the osteoblastic and osteolytic components of bone metastases due to the NSCLC A549 cells. 29 The modeling of bone metastasis in mice by subcutaneously implanting human bone in NOD/SCID mice has also received attention in lung cancer metastasis. This model allows for the interaction of human lung cancer cell lines with human bone. When the NSCLC A549 cell line was injected adjacent to a subcutaneously implanted human bone fragment, lung cancer cells invaded into the bone. 105 The balance of sex steroids is important in osteolytic bone metastasis of lung cancer. The number of SBC-5 bone metastases was greater in female mice compared with male mice, and there was an increase in osteoclasts in the bone metastases of both female mice and male mice undergoing androgen suppression. 114 
Renal Cell Carcinoma
Renal cell carcinoma (RCC) metastasizes to bone, lymph nodes, liver, lung, and the brain. 179 Currently, the 5-year survival of patients with RCC and metastasis is less than 10%. 92 The skeleton is the second most common site of metastasis following the lung and occurs in about one-third of patients. 179 RCC is the fourth most common cancer to metastasize to bone in people following lung, breast, and prostate cancer. Bone metastases from RCC are typically osteolytic and have a high degree of vascularity. 27, 131 Routes of administration of RCC cell lines include tail vein, intracardiac, and intratibial injections with human 786-O/luc, RBM1, or ACHN cell lines.
786-O/luc. The 786-O/luc cell line has reproducible osteolytic metastases to the appendicular and axial skeleton and pelvis following intracardiac administration. 131
RBM1. The RBM1 cell line was developed from a humeral bone metastasis and produces osteolytic lesions following intratibial injection. 162 After serial in vivo selection in a mouse intratibial injection model, a more aggressive subline, RBM1-IT4, was established. Intravenous and intracardiac administration did not result in lung or skeletal metastases.
AHCN. Parental AHCN cells develop metastases in the lung, bone, brain, ovary and the adrenal glands. 159 The ACHN-BO subline (selected by 4 passages of in vivo bone metastases) metastasizes exclusively to bone. 159 A clinically relevant orthotopic model of RCC bone metastasis employed tissue slices of primary human RCC and implanted them underneath the renal capsule of immunodeficient mice. Disseminated RCC cells were present within the bone marrow of mice as early as 1 month after implantation. The pattern of metastasis in mice correlated with the progression of clinical disease in the respective patients. In addition, intratibial injections of single cells isolated from the tissue slices resulted in 100% engraftment and bone tumors. 151 
Transitional Cell Carcinoma (TCC)
Transitional cell carcinoma (TCC) of the bladder metastasizes to the regional lymph nodes (90%), liver (47%), lung (45%), and bone (32%). 158 Most deaths of patients with TCC result from metastasis. Bone metastases of TCC can be osteolytic, osteoblastic, or mixed osteoblastic-osteolytic lesions. 15, 36, 49 There have been few models available to investigate bone metastases of TCC, primarily a result of the lack of tumorigenicity of established TCC cell lines. However, in vivo selection of bone metastases from cell lines in mice has developed more clinically relevant cell lines with regard to the development of bone metastasis. The most common example is the TCC cell line, TSU-Pr1. 152 The TSU-Pr1-B1 and B2 sublines were established from subsequent bone metastases. 15 The increase in metastatic potential to bone resulted from the increased epithelial characteristics of the sublines compared with the mesenchymal characteristics of the original TSU-Pr1 cells. 14 Other TCC cell lines useful for orthotopic models of bone metastasis include (1) the metastatic M-NBT-II cell line derived from the rat bladder carcinoma cell line, NBT-II;
(2) the human 253 J lung-IV orthotopic metastatic model; and (3) the human UM-UC-3 parent cell line and its derivative, UM-UC-3luc2, which develops bone metastases following intracardiac injection. 7, 24, 153 The most common routes of administration for the development of bone metastasis are orthotopic and intracardiac injections. In addition, intratibial injections have been used to investigate the local effects of TCC in bone. 14 Dogs have a high incidence of TCC, which results in death due to locally invasive disease or metastasis. 58 Bone metastasis has been reported to occur occasionally in canine TCC, 74 but while canine TCC cell lines are available, they have not been used to investigate the pathogenesis of bone metastasis. 23 
Head and Neck Squamous Cell Carcinoma
Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer worldwide. 111 Approximately 54 000 Americans were diagnosed with HNSCC, and 11 500 died of this aggressive cancer in 2013. 121 The tongue and larynx are the most common sites of this cancer. The 5-year survival in HNSCC is approximately 50%. 52, 57 HNSCC normally occurs in adults; however, the incidence of human papillomavirus (HPV)-related oropharyngeal squamous cell carcinoma in the younger population has been increasing. 182 Although HNSCC metastasizes to regional lymph nodes, cancers that originate in the gingiva are associated with local bone invasion and lysis of the mandible and maxilla. 75 More than half of the patients with HNSCC were diagnosed at the later stages of disease characterized by local bone invasion, bone destruction, and metastasis to local lymph nodes. 125, 147 Different types of bone invasion found in HNSCC include the erosive, infiltrative, and mixed patterns, which have different histological features and lengths of disease-free status. 52 The infiltrative pattern has a lower rate of 3-year disease-free status compared with the erosive bone invasion pattern. High expression levels of PTHrP, RANKL, interleukin (IL)-6, and tumor necrosis factor-a (TNF-a) were detected in boneinvasive HNSCCs. 52 The majority of bone-invasive HNSCCs are suspected to be mediated by PTHrP and RANKL, similar to cancers that metastasize to bone. 52, 76, 133 PTHrP contributes to bone lysis by inducing RANKL expression in osteoblasts, resulting in binding of RANKL to its receptor, RANK, on osteoclasts and stimulating osteoclastogenesis. 133 Osteoprotegerin (OPG), the soluble decoy receptor of RANKL, is regulated by the Wnt/b-catenin signaling pathway and counterbalances the actions of RANKL. OPG inhibits osteoclastogenesis and promotes osteogenesis by blocking the interaction between RANKL and RANK. 52, 149 Imbalance of the RANKL/OPG ratio was suggested as the critical event for osteoclastogenesis in HNSCC. 12, 52 Transforming growth factor-b (TGF-b) released during osteolysis was reported to not only increase tumor cell proliferation but also increase the production of PTHrP. 133 EGFR is suspected to play a role in upregulating PTHrP in many bone-invasive cancers. 31 However, the EGFR downstream signaling pathways that upregulate PTHrP still need to be elucidated.
Various animal models have been developed for studying the pathogenesis and genetic backgrounds of HNSCC. The development of novel therapies relies on preclinical research in animal models. However, relatively few models are appropriate for investigations on bone-invasive HNSCC.
Human and mouse cell lines for orthotopic mouse models of HNSCC. The orthotopic animal model has been important for investigating HNSCC-related bone invasion. 75, 77, 78, 125 However, the number of orthotopic models for bone-invasive HNSCC is limited. Only a few human HNSCC cell lines, including BHY, UMSCC, UMSCC11A, UMSCC11B, BICR31, BICR56, and HSC3, were found to invade bone in vivo. 77 In this model, neoplastic cell lines are injected directly into tissues of the oral cavity or tongue of immunocompromised rodents. 72, 125 Genetically engineered mouse models are also available for investigations on the pathogenesis of HNSCC. 72 SCCVII. The orthotopic model of mandibular bone invasion using the mouse OSCC cell line (SCCVII) demonstrated that PTHrP plays an important role in bone invasion. Knockdown of PTHrP in SCCVII cells inhibited bone resorption and decreased osteoclast numbers in vivo. 133 OPG decreased bone invasion and osteoclast numbers. 52 Unfortunately, the xenografts grow rapidly, which limits usefulness of the model for long-term studies. 125 YD-39. This relatively new bone-invasive human HNSCC cell line, originating from an oral squamous cell carcinoma with mandibular bone invasion, was inoculated over the calvarial bone of nude mice and found to develop prominent osteolytic lesions. 48 The aggressive bone invasion and osteolysis in this model make it useful for studying the pathogenesis of these processes in HNSCC.
Spontaneous feline HNSCC and orthotopic mouse models. Spontaneous HNSCC in companion animals, especially cats, can serve as a useful natural model for HNSCC. HNSCC is particularly common in aged cats compared with other animal species. 90 There is a high degree of biologic similarity between feline and human non-papillomavirus-induced HNSCC. 6, 73 Cats typically present for veterinary care of HNSCC at the late stages of disease. The prognosis is grave for most cats, and time to death or euthanasia is short (2-6 months). 136 Clinical trials in cats with spontaneous HNSCC are a potentially useful approach for translational cancer research and novel therapy development. 73, 134 Similar to humans, squamous cell carcinoma (SCC) is the most common oral cancer in cats. Ten percent of all tumors diagnosed in cats are oral tumors, and 75% of feline oral cancers are SCC. 76, 127, 136 The tongue, especially the ventral tongue, and gingiva were reported as the most commonly affected sites for feline HNSCC. 76 Remarkably, cats and humans are the only 2 species that commonly develop spontaneous lingual SCC. 33, 52, 168 Similar to humans, HNSCC frequently occurs in aged cats with no apparent breed or sex predisposition. 127 Since cats often share the same environment as their owners, cats are frequently exposed to the same risk factors as humans. 6, 8, 73, 103, 168 Environmental tobacco smoke (ETS) exposure, flea collar use, canned foods, and papillomavirus infection have been implicated as being potentially involved in SCC development in cats. 9, 103, 126, 182 Adjacent bone invasion, lymph node metastasis, and spontaneous recurrence are frequent complications in this cancer. 126, 127 At the time of diagnosis, the disease is often in the late stages with extensive bone invasion. Spontaneous HNSCC in cats is a potential valuable model for translational research on novel drug, genetic, nanoparticle, and interventional therapies using clinical trials of client-owned cats in the clinical veterinary setting.
Similar to humans, high PTHrP expression has been found in feline oral SCC (OSCC) and is often associated with increased bone invasion and osteoclastogenesis in vivo and in vitro. 75, 76 Orthotopic xenograft models using feline-derived OSCC cell lines (SCCF1, F2, and F3) demonstrated that bone-invasive feline OSCC (SCCF2) had greater PTHrP messenger RNA (mRNA) expression compared with non-boneinvasive cell lines (SCCF1 and SCCF3). 75 The feline HNSCC cell line, SCCF2, closely mimicked bone-invasive SCC when tumor cells were injected into the submucosa of the maxilla (Figs. 14, 15 ). 75 Bone resorption was associated with PTHrP expression, and the EGFR ligands, amphiregulin and TGF-a, were found to further increase PTHrP. In contrast, OPG mRNA expression was very low in the SCCF2 cells. Treatment with a bone resorption-inhibiting bisphosphonate, zoledronate, was found to reduce tumor growth, prevent bone loss, and inhibit bone invasion in mice carrying feline SCC orthotopic xenografts. 75, 77 
Multiple Myeloma
Multiple myeloma (MM) is a malignant neoplasm of the differentiated B lymphocyte-namely, the plasma cell. In mouse models and patients with MM, the malignant plasma cells comprise as much as~90% of the cells within the bone marrow and express high amounts of monoclonal g-globulins. 100 Increased osteoclastic activity early in the disease results in local osteolysis. However, later in the disease, there is also inhibition of osteoblastic bone formation by MM cells. 138 This ultimately results in severe osteolytic bone lesions. MM also releases proangiogenic factors, which may facilitate the ability of these cells to continuously enter and exit the bone marrow. 154 This results in MM metastasizing throughout the skeleton.
Tail vein, intracardiac, subcutaneous, and intraosseous (intratibial and intrasternal) routes of administration of MM cells have been reported in mice. Human MM subcutaneous tumors in SCID mice metastasized not only to bone but also to the lung, liver, and spleen. 172, 173 However, intratibial tumors metastasized only to other bones. Intracardiac injection of NOD/SCID mice with MM cells collected from the peripheral circulation of clinical patients resulted in lytic bone disease. 100 Injection directly into the mouse sternum resulted in lytic bone lesions and clonotypic cells in the distant femoral bone marrow.
Mouse-derived models of MM 5TMM. The 5 T mouse model (5TMM) is characterized by the spontaneous development of MM in aged C57BL/KaLwRij mice at a frequency of 0.5%. 22, 101, 102 The disease can be transferred to younger mice for further investigation by either tail vein or direct marrow injection of MM cells. Parent 5TMM cells and their sublines produce disease mimicking clinical MM in people. 87, 102 B9BMI. An additional syngeneic bone metastasis model embodying many features of MM in people is the B9/BM1 mouse model. 43 Following intravenous injection, IL-6-dependent, IL-1-producing B9/BM1 cells localize to and engraft within the vertebral and femoral bone marrow in nonirradiated, euthymic mice.
Human-derived models of MM ARH-77. The ARH-77 model was developed to better represent human MM and involves the intravenous injection of the human ARH-77 plasma cell leukemia cell line into irradiated SCID mice, which develop osteolytic bone lesions. 2 Variations on this model include the injection of freshly isolated MM cells into irradiated SCID mice or the subcutaneous implantation of human bone samples. 87, 100, 148 SCID-hu. The SCID-hu model has been employed to investigate MM, which involves the subcutaneous implantation of human fetal bone into SCID mice. Freshly isolated primary MM cells or human MM cell lines engraft into the subcutaneous implants and metastasize to other human fetal bone implants, but the MM cells do not metastasize to the bone marrow of the host mouse. 148 Leukemia and Lymphoma B-cell lymphoma frequently disseminates to multiple organs. It occasionally involves bone and produces osteolytic lesions, where it is associated with the development of hypercalcemia of malignancy. There has been extensive development of murine cell lines of leukemia and lymphoma with bone metastasis.
T-cell lymphoma in dogs may localize to the bone marrow and induce osteolytic bone resorption and hypercalcemia of malignancy. 81, 107 Mouse-derived models of lymphoma and leukemia MH-98. Subcutaneous injection of the murine B-cell lymphoma cell line, MH-95, metastasizes to the lung, liver, kidney, spleen, and lymph nodes within 2 weeks of administration and forms osteolytic lesions in bone. 82 MOC-25. The mouse lymphoma line, MOC-25, developed spontaneously in a female nude mouse and was established by intraperitoneal injection in nude mice. 144 The MOC-25 cells preferentially disseminate to the abdominal viscera following intraperitoneal or intravenous injection, but the cells eventually metastasize to the bone marrow.
MDAY-D2. Intravenous injection of the murine myeloid leukemia cell line, MDAY-D2, resulted in metastasis to hemolymphatic organs, including the spleen, liver, and bone marrow. 26 associated with disruption of the normal cellular architecture of the bone marrow. 161 Mouse model of canine T-cell lymphoma. A xenograft model of canine T-cell lymphoma was developed in NOD/SCID mice. The mice developed multicentric lymphoma, humoral hypercalcemia of malignancy, and increased plasma PTHrP concentrations. 88 In vivo metastases could be localized using bioluminescent imaging and luciferase-positive tumor cells.
Transgenic mouse models of lymphoma and leukemia. A subset (5%) of people with human T-cell leukemia virus type 1 (HTLV-1) will eventually develop adult T-cell leukemia/lymphoma (ATL). Overexpression of the HTLV-1 viral oncogene Tax results in spontaneous lymphoma and leukemia and ultimately the development of osteolytic bone lesions. 32 The increased expression of Tax resulted in an osteolytic bone phenotype.
In addition, a mouse model of Burkitt lymphoma was created by a Myc mutation. 61 Mouse model of human adult T-cell lymphoma/leukemia (ATLL). A human adult T-cell leukemia tumor line (RV-ATL) was adapted to SCID/Bg mice by intraperitoneal injection of tumor cells, which developed multicentric lymphoma, hypercalcemia, increased plasma PTHrP, and localization of tumor cells to the bone marrow. 104 
Ewing Sarcoma
The only primary bone tumor that has received attention in the development of animal models of bone metastasis is Ewing sarcoma. Ewing sarcoma is the second most common primary bone tumor affecting children and young adults younger than 20 years, representing 10% to 15% of all primary bone tumors. While osteosarcoma is the most common primary bone tumor, it primarily metastasizes to the lungs and less frequently to secondary bone sites. There are currently no animal models of bone metastasis for osteosarcoma. Ewing sarcoma usually arises in the femur, humerus, and pelvis and is associated with rapid tumor growth and bone destruction. 156 Ewing sarcoma is a unique neoplasm since it has a predilection to metastasize to either the lungs or skeleton or, in some cases, to both organs. 118 The mechanisms for metastasis have not been elucidated. Interestingly, metastases occur only in the lungs or bones in 50% and 40% of the patients, respectively. 5 The 5-year survival rate in patients with lung metastases is 36% and less than 20% in those with bone metastases. [97] [98] [99] Human-derived mouse models of Ewing sarcoma. In mouse xenograft models of skeletal metastasis of Ewing sarcoma, the most common routes of administration of cell lines are intravenous, subcutaneous, and intraosseous. Ewing sarcoma cell lines include (1) TC-71, derived from a humeral Ewing sarcoma recurrence, and (2) VH-64, derived from the pleural effusion of a patient with primary Ewing sarcoma of the metatarsal bone. 155, 157, 166 Intravenous administration of the cell lines in NOD/SCID mice results in a pattern of metastasis similar to clinical patients; however, only 23% of mice developed bone metastasis. 157 Intravenous injection of TC-71 cells in nude mice resulted in bone metastases (62%) with fewer metastases to the lungs (24%). 118 Intraosseous (femur and tibia) injections of Ewing sarcoma in immunocompromised mice mimic bone tumors in clinical patients, and the mice develop distant bone metastasis. 156 TC-71 cells were also injected directly into the ribs of nude mice, allowing for ease of visualization of primary tumor growth, and some mice had metastases to the lungs but not the skeleton. 160 
Thyroid Cancer
Cancers originating from follicular cells of the human thyroid gland are typically classified as either papillary or follicular. Well-differentiated papillary and follicular thyroid carcinomas are associated with a slowly developing clinical course and a favorable prognosis. 113 However, a subset of patients (10%-15%) develops metastases to the lung and bone. The 10-year survival rate following the detection of bone metastasis is less than 20%. 113, 117 Thyroid carcinoma bone metastases typically have an osteolytic phenotype; however, it is believed that osteoblastic metastasis of thyroid carcinomas may have a better prognosis. 1 Current models of thyroid carcinoma bone metastasis using orthotopic implantation of tumor cells have been limited because this method results in few metastases and is technically challenging. Therefore, intracardiac, intratibial, and subcutaneous routes of administration have been used. There are few thyroid cancer cell lines that metastasize to bone. The human anaplastic thyroid cancer cell lines (8505C, C-643, SW-1736, and THJ-16 T) and the follicular thyroid cancer cell lines (FTC-133, FTC-236, and FTC-238) were transfected with luciferase. 180 The cell lines were then injected subcutaneously or intravenously, and metastasis was analyzed by bioluminescence imaging and histology. Intravenous injection of 8505C-Luc2 cells resulted first in lung metastasis, with many of these mice subsequently developing bone metastasis. Similarly, metastases to the lungs and other organs developed in all mice injected with the C-643-Luc2, THJ-16T-Luc2, FTC-133-Luc2, FTC-236-Luc2, and FTC-238-Luc2 sublines. 180 Intracardiac injection of the BCPAP papillary thyroid carcinoma cell line resulted in metastasis, including bone, in up to 90% of the mice. 16 The intracardiac injection technique has been preferred for bone metastasis. Intratibial administration of the human WRO follicular thyroid carcinoma cell line resulted in mixed osteoblastic and osteolytic bone tumors in nude mice. 178 
Conclusions
Skeletal metastases have the potential to cause severe morbidity and mortality and are considered an incurable disease. To date, there are numerous established in vivo animal models of skeletal metastasis, varying by host animal, cancer type, and method of tumor injection. Animal models will continue to be vital to investigate the pathogenesis of bone metastasis. Further characterization of these models and development of novel animal models focusing on specific metastatic pathways are essential for better understanding the mechanisms of bone metastasis with the ultimate goal of identifying key targets for therapeutic intervention to improved treatment, quality of life, and patient survival.
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